Amino acid permeases (AAPs) in the plasma membrane (PM) of Saccharomyces cerevisiae are responsible for the uptake of amino acids and involved in regulation of their cellular levels. Here, we report on a strong and complex module for PM association found in the C-terminal tail of AAPs. Using in silico analyses and mutational studies we found that the C-terminal sequences of Gap1, Bap2, Hip1, Tat1, Tat2, Mmp1, Sam3, Agp1, and Gnp1 are about 50 residues long, associate with the PM, and have features that discriminate them from the termini of organellar amino acid transporters. We show that this sequence (named PM asseq ) contains an amphipathic ␣-helix and the FWC signature, which is palmitoylated by palmitoyltransferase Pfa4. Variations of PM asseq , found in different AAPs, lead to different mobilities and localization patterns, whereas the disruption of the sequence has an adverse effect on cell viability. We propose that PM asseq modulates the function and localization of AAPs along the PM. PM asseq is one of the most complex protein signals for plasma membrane association across species and can be used as a delivery vehicle for the PM.
polyamine transporter II (AAPTII) (2) . The amino acid transporters belonging to the APC superfamily are often referred to as amino acid permeases (AAPs). They are mainly localized in the PM and can be highly specific, e.g. transport only one (enantiomer) amino acid or have a broad range of substrates, like the general amino acid permease Gap1.
Alongside the transporter function, additional roles have been proposed for some AAPs. The most prominent example is Gap1, which has a receptor function whereby it signals the protein kinase A (PKA) pathway (3) . This so-called transceptor function has also been described for the phosphate transporter Pho84 and the ammonium transporter Mep2 but not for any other AAPs (4, 5) . On the other end of the spectrum is Ssy1, an endoplasmic reticulum (ER)-resident AAP member, that plays a role in amino acid sensing but has no transport function (6 -8) . The levels of AAPs at the PM are modulated by several transcriptional and post-translational control mechanisms, e.g. nitrogen catabolite repression, general amino acid control, and substrate/stress-induced endocytosis (9 -12) . Although for several AAPs many details of these control mechanisms have been elucidated, quite a few questions concerning the spatiotemporal regulation of AAPs remain unanswered. Which mechanism ensures that the function is performed in the right organelle and what determines the positioning of transporters within different membrane domains are poorly understood (13) (14) (15) .
Targeting of proteins to a specific organelle occurs through intrinsic signals in their amino acid sequences (16) . For instance, the classical nuclear localization signal (cNLS) is a small stretch of basic residues (PKKKRKV) that targets proteins to the nucleus (17, 18) . Although targeting signals for several organelles are well defined, information on the targeting of PMdestined proteins is scarce. Upon synthesis in the ER and maturation in the Golgi apparatus, transporters take different vesicular transport routes from the trans-Golgi network to the vacuole and to the PM. Those destined for the PM are delivered either directly, through the action of adaptor protein complexes, or can utilize a more specific route, such as the GSE (Gap1 sorting in the endosome) complex in the case of Gap1 (19) . Aside from these targeting and localization signals, few proteins throughout species contain specific sequences for association with the PM. These proteins mostly lack transmembrane domains, and their association signals usually have a specific role, mostly in a reversible association with the PM and/or cell signaling. These association signals are often represented by a single predicted amphipathic ␣-helix but can be more complex (20) .
Interestingly, several AAPs have distinct localizations within the membrane, most notably Can1 and Tat1, which have been found in a compartment named microcompartment of Can1 (MCC) that co-localizes with a structural scaffold called the eisosome (13, 21) . Although amino acid transporters represent a large group of proteins with the same main function, they also have an array of additional roles performed in different locations. It is unclear which cues lead to distinct localizations of these proteins, not only to the designated membrane but also to a distinct location within the PM.
Here, we report on a consensus sequence, PM asseq , found in a subset of AAPs that has a capacity to associate with the yeast plasma membrane. Compared with other sequences mostly found in soluble proteins across species, PM asseq , which is conserved in fungi, is one of the most complex. It consists of two helices, one of them amphipathic, and an FWC signature that allows for its thioesterification with a palmitoyl moiety by palmitoyl acyltransferase Pfa4, thereby creating a lipid tether to the membrane (22) . PM asseq interacts with lipids and presumably with proteins in the PM, thereby modulating the position of the transporter in the lipid bilayer. Intriguingly, in reporter constructs containing PM asseq and a strong tandem cNLS, a sequence to target proteins to the nucleus, PM asseq overrides the nuclear localization signal (NLS) in protein targeting. PM asseq can therefore be used as a delivery vehicle for the PM.
Results

C Termini of Amino Acid Transporters in the Plasma Membrane Are Longer than Those of the Vacuolar Membrane-We
aimed to identify structural determinants involved in the localization of polytopic membrane proteins either to the PM or VM. All amino acid transporters residing either in the PM or in the VM were grouped on the basis of evolutionary relatedness, that is as members of the APC, MFS, and AAPTII families, and their annotation as amino acid transporters. Sequence alignments of these proteins in Saccharomyces cerevisiae failed to identify a motif(s) that could be responsible for protein targeting. We then compared specific segments of individual PM transporters, i.e. transmembrane regions, loops, and protein termini, with the corresponding segments of VM transporters. Segments were identified using the membrane topology prediction program TOPCONS (23) . This approach revealed significantly longer C termini in PM-resident amino acid transporters than in the corresponding proteins of the VM (Fig. 1A) . When we extended the comparison to other annotated S. cerevisiae transporters, a similar difference in tail length was observed (Fig. 1B) . In our analysis, we excluded proteins with more than 150 residues in their C termini (four of 79 in PM proteins and eight of 35 VM proteins) as these are known or predicted to form discrete domains with specific functions (supplemental Table S1 ). Taken together, our analysis in silico indicates that there is a correlation between the length of the C terminus and subcellular localization.
Next, we compared the length of the N and C termini of prokaryotic and eukaryotic proteins from the three families (supplemental Fig. S1 ). In all cases, both the N and C termini are longer in the eukaryotes, which is in agreement with the regulatory roles that these tail regions are known or predicted to have (2) . Although the difference in N-terminal length is very distinctive in all families, it is less pronounced for the C termini of the AAPTII and MFS proteins than it is for the APC members.
Zooming in on the localization of the MFS proteins in eukaryotes, we found a wide division of lengths with those with a shorter C terminus annotated to localize mainly to subcellular membranes. Hence, the shift to longer C termini in the APC family could be related to their distinct localization in the PM (supplemental Fig. S2 ).
Two Types of C Termini in Amino Acid Permeases-The majority of the amino acid transporters localizing to the PM belong to the APC superfamily and are often referred to as FIGURE 1. Bioinformatics analysis of S. cerevisiae transport proteins. A, amino acid transporters. B, secondary transporters in general. C terminus length is defined as the number of amino acid residues following the last predicted transmembrane segment. A list of the proteins analyzed can be found in supplemental Table S1 .
AAPs, a subset belonging to the MFS family (1) . An alignment of the C termini of AAP sequences (see "Experimental Procedures") showed conserved clusters of aromatic residues at the beginning and at the end of the sequences together with alternating positively and negatively charged clusters ( Fig. 2A) . Nine transporters contain the FWC signature at the very end, and one transporter (Mmp1) contains the related FFC sequence (24) . The FWC-containing C termini have been reported to contain a conserved ␣-helix (25) . Our secondary structure analysis identified a second predicted ␣-helix at the very end of the sequence that is conserved in all but two of the AAPs, Dip5 and Agp2 ( Fig. 2A) . We refer to the upstream and downstream helices as Ha and Hb, respectively. Helical wheel projections and the calculated hydrophobic moment show that Hb has features similar to amphipathic motifs known to bind membranes, including clusters of positive and/or aromatic residues (20) (Fig. 2B) . The C terminus of Uga4, a non-core member of the AAPs that resides in the vacuolar membrane and was used as a control in this study, is predicted to have a single non-amphipathic ␣-helix without aromatic clusters (Fig. 2, A and B) .
The predicted secondary structure was verified by circular dichroism (CD) using a synthetic peptide corresponding to the last 31 residues of Gap1 (Fig. 2C) . The CD spectrum showed a clear positive peak at 193 nm and negative peaks at 208 and 222 nm that are characteristic of ␣-helical polypeptides (26) . This signal became even more pronounced in the presence of trifluoroethanol (27) , thus confirming the predictions in silico.
We determined the physiological relevance of the C-terminal tail of AAP transporters by generating a series of S. cerevisiae strains containing AAPs in which the last 10 amino acid residues were deleted and thus most of the amphipathic helix Hb. Wild-type (WT) and truncated versions of the transporters were tagged with the fluorescent protein mKate2, and the fusions were expressed from the endogenous promoters on the chromosome. No significant differences in expression or localization between WT and truncated mKate2 transporters were visible by confocal microscopy, probably due to the relatively low expression levels (supplemental Fig. S3 ). Low expression levels could be the consequence of the added tag on the C terminus. Irrespective of this, strains expressing truncated versions of a subset of AAPs exhibited a distinct phenotype under restricted growth conditions. The Hb helix in AAPs with the FWC signature is required for growth on a non-fermentable carbon source (glycerol; SG) as shown for Gap1 and Tat2 (Fig.  2D) . In contrast, removal of the last 10 residues of Lyp1 and Can1, AAPs responsible for the transport of lysine and arginine, respectively, did not have a strong adverse effect on cell growth. Although in the case of Lyp1⌬10 colonies were smaller, the strain was viable. Contrary to deleting the Hb helix, deletion of the entire gene for Gap1 did not affect growth on SG, indicating that the C termini of Gap1 and possibly Tat2 control a negativedominant function of the protein. The strains expressing truncated versions of AAPs exhibited no visible growth defect when grown on a fermentable carbon source (glucose; SD). Thus, on the basis of physiological studies, the C termini fall in two categories: those with the FWC motif seem more important for cell growth under restrictive conditions than those without this signature motif.
C Termini of Amino Acid Permeases
Associate with the Plasma Membrane-As amphipathic helices in many proteins have a tendency to interact with membranes, we asked whether the C-terminal segments of the AAPs alone associate with the PM or other membranes in the cell. This has previously been shown for a region of the C terminus of Bap2 (28) . The C-terminal segments of selected AAPs (sequences depicted in Fig.  2A ), were fused to GFP, and the genes were placed under the control of an inducible promoter and expressed in S. cerevisiae. Two clear localization patterns were observed. C termini containing the FWC signature mainly localized to the cell periphery (Fig. 3A) , whereas those without the FWC signature were soluble and/or partially aggregated in the cytosol (Fig. 3B ). This suggests that the FWC signature may play a role in the association of the C termini of AAPs with the PM. To confirm this suggestion, we added the FWC tripeptide sequence to the cytosolically localized C termini. In the case of Alp1, Lyp1, and Can1, the addition of FWC caused the reporter protein to associate with cell membranes (Fig. 3C ). The relevance of the AAP C-terminal sequence upstream of FWC for association with the membrane is demonstrated by the C terminus of Uga4, which failed to localize at the cell periphery with or without the addition of the FWC signature.
Interestingly, in contrast to the homogenous distribution at the PM of most FWC-containing reporters, the C terminus of the histidine transporter Hip1 led to a patchy distribution of the protein in the cell. A similar pattern, but to a lesser extent, was observed for Can1CϩFWC and Alp1CϩFWC. Heterologous expression of the reporters in Pichia pastoris displayed the same distribution pattern (supplemental Fig. S4A ). The phenotypic conservation in P. pastoris is in agreement with the conservation of the AAP C termini, including the FWC motif and the upstream basic and aromatic residues, in other budding yeast (supplemental Fig. S4C and supplemental Table S2 ).
The Membrane Association Signal of AAPs Is MultipartiteTo investigate which residues are important for membrane association, we analyzed the C-terminal sequences in more detail by deleting clusters of three to five conserved residues from the Gap1C reporter protein (Fig. 4, A and B) . Deletion of WKLF, DID, RRE, and DLD did not affect the association of the GFP-tagged C terminus with the PM. Deletions of EEK (in the middle of helix Ha), PRWYR (half of helix Hb), and FWC led to a cytosolic localization with sporadic aggregate formation. CD analysis of synthetic peptides corresponding to these deletions showed a reduced ␣-helical signature compared with wild-type Gap1C (Fig. 4C ). For the ⌬PRWYR and ⌬FWC peptides, the spectra are shifted toward that expected for a disordered protein, namely a negative peak at around 195 nm and very little ellipticity above 210 nm (26) This suggests that the ␣-helical secondary structure of Gap1C is necessary for its association with the plasma membrane.
Sequences capable of forming amphipathic helices and suggested to associate with the PM have been identified in a number of proteins throughout species (20) . The most investigated sequence in yeast, which at the same time represents a rather complex association signal, is that of Ist2, the cortical ER protein involved in ER-PM tethering (8, 29) . The association of Ist2 with the PM requires one amphipathic helix followed by a clus-ter of positively charged residues in the C terminus (30) . In contrast to the C terminus of AAPs, the amphipathic C terminus of Ist2 fused to GFP led to a minor association with the PM, and the vast majority of the protein remained soluble in the cytosol in agreement with previous studies (31) (Fig. 4D ).
In other amphipathic helices that associate with cellular membranes, e.g. Mid1 from Schizosaccharomyces pombe or Ste5 from S. cerevisiae, an NLS or an NLS-like sequence was found within or in close proximity of the helix, which under certain conditions localized the proteins to the nucleus (32, 33) . (64) is shown in the center of the helix. C, far-UV CD spectra of a synthetic peptide corresponding to the last 31 residues of Gap1. The addition of trifluoroethanol (TFE) enhances the ␣-helical signature. D, growth of strains expressing full-length or C-terminally truncated amino acid permeases. All are expressed with a C-terminal mKate2 tag from their endogenous promoter on the chromosome. 10-fold serial dilutions of cells were spotted onto SD and SG plates and grown for 3-4 days at 30°C. deg, degrees.
FIGURE 3. Localization of GFP-fused C-terminal reporters.
A, C-terminal reporters with the FWC motif localize to the cell periphery. B, C-terminal reporters without the FWC motif localize to the cytoplasm. C, the addition of FWC to the C terminus of Alp1, Lyp1, and Can1, but not Uga4, results in membrane association. Scale bars, 2 m.
We therefore tested the effect of the addition of a very strong tandem classical NLS (tcNLS) derived from Heh2 (34) to the C-terminal sequences of the AAP proteins. The addition of the tcNLS upstream of the C terminus of Gap1C did not affect its association with the PM (Fig. 4E) . Conversely, addition of the NLS to the GFP-tagged C terminus of Ist2 localized the reporter to the nucleus. The same observation was made for GFPUga4C, GFP alone, and Gap1C lacking most of the amphipathic sequence, demonstrating that the membrane association signal found in AAPs is relatively strong when compared with those for targeting to organellar membranes. In conclusion, the sequence responsible for PM association (hereafter referred to as PM asseq ) of the C termini of yeast AAPs is composed of two ␣-helices with the downstream helix being amphipathic and an FWC signature at the very C termini of the proteins.
A Palmitoyl Moiety Anchors the C Termini of AAPs to the PM-The conserved FWC sequence within yeast AAPs was previously identified in a large scale analysis in silico, and it was shown for a subset of AAPs that the C-terminal cysteine residue serves as a palmitoylation site (22, 24) . Palmitoylation is a FIGURE 4. FWC motif and upstream amphipathic helix are required for association at the cell periphery, and the targeting signal is stronger than a tcNLS. A, sequence logo of C-terminal sequences that are able to localize GFP to the cell periphery. The image was prepared using WebLogo (66) and colored according to amino acid properties (black, hydrophobic/aliphatic; green, aromatic; blue, positive; red, negative; purple, hydrophilic; gray, conformationally special; orange, cysteine). B, deletions within the Gap1 C terminus show that the FWC motif and two upstream sequences within the predicted ␣-helices are crucial for localization to the cell periphery. C, far-UV CD spectra of synthetic peptides corresponding to the last 31 residues of the Gap1 C terminus as well as the truncated versions ⌬EEK, ⌬PRWYR, and ⌬FWC. All samples contained 10% 2,2,2-trifluoroethanol. D, C terminus of Ist2 fused to GFP (green). Staining of the vacuolar membrane with FM4-64 is shown in red. E, C termini of Gap1, Ist2, and Uga4 with GFP-tcNLS fused N-terminally of the C terminus (green). Staining of the vacuolar membrane with FM4-64 is shown in red. Scale bars, 2 m. deg, degrees.
reversible post-translational modification that is sensitive to reducing conditions (2, 35) . To examine whether the C termini derived from AAPs are indeed palmitoylated, we analyzed GFPGap1C from yeast cells, incubated in the presence or absence of DTT, using 15% SDS-PAGE. The amount of Gap1C in the membrane fraction was significantly lower after DTT incubation, indicating that the reporter protein was palmitoylated (Fig. 5A) .
To identify the enzyme responsible for the palmitoylation of GFP-Gap1C, we transformed yeast strains lacking one of the seven palmitoyl acyltransferases. Only in the strain lacking Pfa4 was an effect seen with most of the reporter protein relocalizing to the cytosol and the internal membranes (Fig. 5B ). In the strains lacking any of the other six palmitoyl acyltransferases, localization of GFP-Gap1C was the same as in the wild-type background (supplemental Fig. S5 ). This is in line with the previous observation that the palmitoylation of full-length AAPs is Pfa4-dependent (22) . It also demonstrates that the C-terminal sequence of Gap1 is sufficient for recognition and palmitoylation by Pfa4 despite not being part of a polytopic membrane protein.
In the strain lacking Pfa4, the Gap1C reporter protein remained partially associated with internal membranes. This is consistent with the fact that reducing conditions did not completely remove GFP-Gap1C from the membrane fraction (Fig.  5A ). The clear difference in PM association between Gap1C in the ⌬PFA4 genetic background and Gap1C lacking the FWC tripeptide (compare Figs. 5B and 4B) is explained by the fact that in the former case the reporter protein lacks the palmitoyl moiety, whereas in the latter case it lacks not only the palmitoyl moiety but also functional helix Hb (see Fig. 4C ).
It is, however, possible that another palmitoyl acyltransferase is able to palmitoylate Gap1C in the absence of Pfa4, thereby contributing to the association of the reporter protein with the lipid bilayer. To exclude this, we compared lysates isolated from cells expressing GFP-Gap1C in the wild-type and ⌬PFA4 genetic backgrounds. We analyzed these lysates by high percentage SDS-PAGE, which allowed us to discriminate the lack of a 0.25-kDa palmitoyl moiety (Fig. 5C ). The experiment confirmed that Pfa4 is solely responsible for the palmitoylation of Gap1C. Thus, the residual membrane association in the ⌬PFA4 strain is due to properties of the upstream amino acid sequence, more specifically the presence of the intact Hb helix.
Variations in the C-terminal Sequences of AAPs Are Reflected in Different Localization
Patterns at the PM-Localization differences relating to the amino acid sequence, separate from palmitoyl-dependent mechanisms, were also seen for other C termini. When expressed in the ⌬PFA4 genetic background, GFP-Bap2C is completely cytosolic, whereas Hip1C retains its distinct patchy distribution, and Alp1CϩFWC remains at the cell periphery (Fig. 6A) . The same patterns were seen for Bap2C and Hip1C with the C-terminal cysteine changed to serine, a mutation that has been shown to fully abolish palmitoylation in full-length AAPs (22) . The presence or absence of palmitoyl modifications under these conditions was confirmed by analyzing protein extracts by high percentage SDS-PAGE (Fig. 6B) . Analysis of the localization patterns for the rest of the transporters in the ⌬PFA4 genetic background showed that Tat2C, Gnp1C, and Sam3C were completely cytosolic, whereas a fraction of Mmp1C, Tat1C, and Lyp1ϩFWC remained associated with the membrane (Fig. 6C) . In contrast, lack of the palmitoyl moiety in Can1CϩFWC and Alp1CϩFWC led to an almost exclusive localization to distinct spots at the periphery of the cell. Expression of reporter constructs in P. pastoris showed the same localization for Bap2C FWS and Hip1C FWS , indicating conservation of palmitoylation and protein partner binding (supplemental Fig. S4B ).
The C-terminal Sequences of AAPs Have Different Mobility at the PM-The mobility of the reporters at the cell periphery was measured by fluorescence recovery after photobleaching (FRAP). From the fluorescence recovery, we determined the lateral diffusion coefficient and the mobile fraction. With the exception of Hip1C, fluorescence recovery of C termini was relatively fast in comparison with integral membrane proteins as shown by comparing Gap1C and Pma1 (Fig. 7A) . The diffusion coefficient of the palmitoylated reporters is approximately 2 orders of magnitude higher than that of the full-length integral membrane proteins (Fig. 7B) . When Gap1C, Tat1C, and Mmp1C were expressed in the ⌬PFA4 strain, the reporters localized to the cytoplasm and the diffusion coefficients were 1 order of magnitude higher than those of the palmitoylated reporters (Fig. 7B) .
The FRAP experiments showed no recovery of Hip1C (Fig. 7,  A and C) . The static nature of Hip1C is consistent with its patchy distribution at the PM and suggests interaction with a static partner at the periphery of the cell. Less than 50% recov- ery was observed for Can1CϩFWC and Alp1CϩFWC (Fig.  7C) . Expression of Can1CϩFWC and Alp1CϩFWC in the ⌬PFA4 genetic background reduced the recovery even further (Fig. 7D) . The lack of mobility and distinct localization of some proteins at the periphery of the cell suggests either (i) the presence of static protein-binding partners, (ii) slow on/off rates of association, or (iii) mobility at a time scale similar to that of polytopic membrane proteins.
Discussion
Throughout species, a number of proteins contain sequences that are capable of associating with membranes. These sequences can serve as signals for targeting to a specific organelle but can also represent a critical factor for a protein to perform its function at the designated site. Often these sequences contain an amphipathic ␣-helix, which has the ability to associate with the membrane, e.g. as shown for Ist2 and Ssy1 in S cerevisiae (8, 29) . Here, we report on a membrane association module comprising a palmitoylated sequence (PM asseq ) present in the C terminus of 10 yeast AAPs. It consists of two helices, one amphipathic, and an FWC signature sequence at the very end with a Cys-linked palmitoyl moiety. This is a highly complex and unique membrane association signal identified for polytopic PM proteins, and we propose that it plays a role in the localization and function of AAPs within membrane microdomains through its association with specific proteins and/or lipids.
In our combined sequence/topology analysis of secondary transporters, we noticed that the C termini of PM-resident proteins are on average longer than those of VM-resident proteins. The observed division is especially pronounced among secondary amino acid transporters. Residues from the C termini of several AAPs have been assigned roles in PM targeting and regulation of function. The KPRWYR motif in the C terminus of Gap1 has been shown to be important for trafficking from the trans-Golgi network to the PM (19) . In addition, a dileucine motif in a predicted ␣-helical region of the Gap1 C terminus is required for NH 4 ϩ -induced endocytosis (25, 36) . Deletion of the last 28 residues of Bap2 was shown to stabilize the protein at the plasma membrane by decreasing its basal turnover (28). It is not known whether these functions of the C-terminal motifs are conserved among AAPs. In contrast, a diacidic motif shortly after the last transmembrane region, (M/I/V)D(L/I/V)D, is required for many transporters in coat protein complex II vesicle packing and is therefore conserved among all AAPs (37, 38) .
We report on a sequence, PM asseq , present in 10 FWC-containing AAPs and partially conserved in the other members of the AAP family that has a capacity to associate with the PM. Sequence comparisons indicate that PM asseq is widely conserved among budding yeast (supplemental Fig. S4C ). It has two predicted ␣-helices with the downstream helix being amphipathic, which we confirmed for Gap1 by CD spectroscopy. Similar to sequences found in a number of soluble pro- FIGURE 6 . The absence of palmitoylation shows discriminative phenotypes for C termini. A, in the absence of a palmitoyl moiety, some C-terminal sequences are still able to direct GFP to the cell periphery (Hip1C and Alp1C), whereas GFP-Bap2C is located in the cytoplasm. B, in-gel fluorescence imaging of whole cell extracts separated by SDS-PAGE. For GFP-Bap2C, -Hip1C, and -Alp1C, fluorescent bands are seen at two positions. The higher band (indicated with a red asterisk) is the modified form, running slower due to the palmitoyl moiety. C, in cells lacking Pfa4, three phenotypes are observed for GFP N-terminally fused to C termini: cytoplasmic localization (Gnp1C and Tat2C), enrichment at the membranes (Tat1C, Sam3C, Mmp1C, and Lyp1CϩFWC), and distinct localizations at the periphery of the cell (Can1CϩFWC). Scale bars, 2 m.
teins, these sequences associate with the membrane (20) . Membrane association signals are frequently found in proteins that bind to specific lipids and often comprise amphipathic ␣-helical structures associating with the membrane. One notable example is the membrane association signal found in the N-terminal 18 residues of Huntingtin. It forms an amphipathic ␣-helical membrane-binding domain that can reversibly target to vesicles and the ER (39). ER and vesicular membrane associ-FIGURE 7. High variation in mobility suggests sequence-specific interactions. Diffusion coefficients for lateral diffusion along the cell periphery were determined using FRAP. Full-length Lyp1 and Pma1, the plasma membrane proton ATPase, were included for comparison. A, confocal microscopy images demonstrating the recovery after photobleaching for immobile (GFP-Hip1C) and mobile (GFP-Gap1C, Pma1) constructs. Diffusion coefficients (B) and normalized recovery (C) were calculated from exponential recovery profiles. Mobile fraction error bars represent the standard deviation between the measurements. D, confocal microscopy images demonstrating the recovery after photobleaching for GFP-Can1CϩFWC in ⌬PFA4. Scale bars, 1 m. ation signals present in fungal proteins are found in transcription factors and proteins involved in vesicular transport and in cell division (32, 40, 41) . In S. cerevisiae, membrane association signals for targeting to the PM are found in proteins of signal transduction pathways (42, 43) . Plasma membrane association signals are not common in PM-residing integral membrane proteins, and they do not serve as primary targeting signals as delivery to the PM is via vesicular transport. The role of such signals is usually connected with a specific function of the protein as is the case for the LRRLL motif in EGF receptor of mammalian cells (44) .
The membrane association signal described here is unique as it is present in polytopic PM proteins. Its unusual strength is explained by its multipartite nature as membrane association is enabled through the interactions of not one but two helices and a palmitoyl moiety attached to the C-terminal cysteine. Helix Hb of PM asseq is highly conserved, strongly amphipathic in nature, and present in AAPs that do not contain the FWC signature; i.e. these proteins are not palmitoylated. The importance of this sequence is demonstrated by the finding that the C-terminal sequence of AAPs without FWC can associate with the PM upon the addition of FWC to the C terminus. Importantly, in these proteins, the upstream helix Ha is either missing or predicted to be significantly shorter than that in AAPs with FWC. We also demonstrated that the C terminus is essential for palmitoylation by Pfa4. Palmitoylation of these sequences increases the specificity of targeting to the plasma membrane but is not strictly required for membrane association.
The complex and redundant nature of PM asseq may relate to its capacity to interact with different partners in the membrane. The PM asseq s of different AAPs neither display uniform localization nor do they lead to a similar mobility of the proteins along the membrane surface. In the case of Hip1, Alp1, and Can1, the association signal modulates the localization of the transporter along the plasma membrane as is visible by the formation of distinct patches of protein. The correlation between patchy localization and slow diffusion indicates possible partners in the PM that may interact in a highly specific manner with a subset of AAPs. FRAP analyses suggest that in the case of Hip1C the protein partner is fully static, and there is no exchange after initial binding. For Alp1C and Can1C, distinct mobile and immobile fractions are observed. Upon removal of the palmitoylation site, there is no recovery, suggesting a static partner.
For Gap1 and Tat2, removal of the last 10 amino acids leads to diminished growth on a non-fermentable carbon source, whereas the expression and gross PM localization are not affected. A specific role for the C terminus of Gap1 in nutrient sensing has been proposed before as truncated versions of the Gap1 show an increased PKA signaling phenotype (3). Constitutive PKA signaling is reported to inhibit growth on any carbon source other than glucose (45) . Interestingly, deletion of the gene coding for Gap1 showed no adverse effect on growth, suggesting a negative-dominant interaction of the C terminus with other parts of the protein. Amphipathic ␣-helices have been shown to play roles in autoinhibition mechanisms with the most well studied example being CTP:phosphocholine cytidylyltransferase (46) .
Taking into account different motilities, different localization patterns, and redundancy for PM association, we put forward the following model (Fig. 8) . Upon vesicular delivery of AAP to the PM, the C terminus associates with the lipids on the cytosolic side of the PM through its two helices and the palmitoyl tail. The complete association signal found in FWC-containing proteins is necessary for strong association with specific lipid(s)/domains in the PM that modulate the function of the transporters. Gap1 is one example of this group of proteins (Fig.  8A) . Hip1 most likely interacts with a static binding partner, enabling the transporter to perform its function at a specific location in the PM (Fig. 8B) . This interaction is directed by the sequence upstream of the FWC signature, and it is not dependent on the presence of the palmitoyl moiety. This unique local- Plasma Membrane Association Sequence JULY 29, 2016 • VOLUME 291 • NUMBER 31
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ization pattern is interesting in light of the finding that Hip1 is the only AAP whose gene could not be deleted in a large scale genetic screen (47) . The C terminus of proteins lacking the FWC signature, such as Lyp1, may have weak lipid binding affinity as evidenced by the membrane association of ϩFWC, non-palmitoylated versions (Fig. 6C) . It is possible that this affinity is insufficient to redirect a soluble protein but, in the context of an integral PM protein, is sufficient to enable lateral probing of the membrane surface (Fig. 8C) . In some cases, this leads to transient interactions with specific partners, which in the case of Can1 and Alp1 are predicted to be integral membrane proteins (Fig. 8D) . Possible interaction partners of Can1 might be found at the MCC/eisosome and relate to the patchy localization that has been observed previously (13) . Eisosomes are static structures on the time scales of our measurements, but protein molecules may diffuse into and out of the MCC/ eisosome with similar diffusion coefficients.
In conclusion, palmitoylated PM asseq identified in the polytopic membrane proteins of the yeast plasma membrane represents a multipartite membrane association signal that has evolved toward multiple functions and may tune the location of proteins within specific membrane domains or binding of the proteins to specific partners and/or alter their function through self-regulatory mechanisms. Importantly, compared with other association signals in yeast, PM asseq is relatively strong and has the potential to act as a delivery vehicle for the PM.
Experimental Procedures
Strains, Media, and Growth Conditions-All experiments were performed either in S. cerevisiae strains derived from BY4742 (48) or in P. pastoris strain KM71H (Invitrogen). See supplemental Table S3 for details.
S. cerevisiae strains were grown at 30°C in synthetic complete dropout media, which contains 1ϫ yeast nitrogen base without amino acids and 1ϫ Kaiser amino acid dropout supplement (both from Formedium TM , Norfolk, UK). The dropout supplements lacked histidine or uracil depending on the metabolic marker. 2% (w/v) raffinose, glucose, or glycerol was added as the carbon source to give SR, SD, or SG media, respectively. 2% (w/v) agar was added for plate cultures. P. pastoris strains were grown in YPD (2% (w/v) glucose, 1% (w/v) yeast extract, 2% (w/v) peptone) with 100 g/ml Zeocin TM (Invitrogen). In S. cerevisiae, reporter proteins were expressed either from the chromosome using their endogenous promoter and an mKate2 (49) tag or from low copy number plasmids using the GAL1 promoter and a yeast enhanced GFP (50) tag (hereafter referred to as GFP). For expression from the GAL1 promoter, strains were grown to midlog phase (A 600 ϭ 0.2-0.6) in SR medium and induced by the addition of 0.2% (w/v) galactose. In P. pastoris, proteins were expressed from episomal plasmids based on pBGP1 (51) using the constitutive GAP promoter and a GFP tag. Unless stated otherwise, all chemicals, reagents, and primers were purchased from Sigma-Aldrich. Restriction enzymes were purchased from New England Biolabs (Ipswich, MA).
Plasmid Construction-All plasmids were cloned first in Escherichia coli MC1061 and then isolated, confirmed by sequencing, and transformed into either S. cerevisiae or P. pastoris strains (supplemental Table S4 ). C terminus-coding sequences were amplified from BY4742 genomic DNA by polymerase chain reaction (PCR) and inserted into the target vectors using restriction digestion and ligation. Details of the primers and restriction sites used for each construct are given in supplemental Table S5 . For N-terminal GFP fusions with or without a tcNLS, the termini were ligated into pACM021-GFPtcNLS and pACM052-GFP, respectively. Variants of pDP001-GFP-Gap1C with C-terminal deletions were constructed by amplifying the plasmid using phosphorylated primers designed to bind directly upstream and downstream of the excluded sequence. The resulting PCR product was circularized via blunt end ligation.
The vector pFB008 was constructed using uracil excisionbased cloning (52) . The pUG72 plasmid was amplified in two fragments using primer pairs Pr50/53 and Pr51/52, respectively. The mKate2 sequence was amplified from a synthetically engineered plasmid (GeneArt, Regensburg, Germany) using primer pair Pr54/55. The fragments were treated with DNA glycosidase and DNA glycosylase-lyase endo VIII (commercially available as USER) following the manufacturer's instructions (New England Biolabs).
To achieve constitutive cytosolic expression in P. pastoris, the ␣-factor signal sequence was removed from pBGP1 (51) to create pBGP1na. Primer pair Pr70/71 was used to amplify the entire plasmid excluding the signal sequence. The resulting DNA fragment was circularized by uracil excision cloning as described above. The coding sequences for GFP-Gap1C, -Hip1C, and -Bap2C were amplified from pDP001, pDP008, and pDP0012, respectively, using primer pair Pr72/73. The vector pBGP1na was amplified using primer pair Pr74/75, and the coding sequences were inserted by uracil excision cloning.
FWS mutants of GFP-Bap2C and GFP-Hip1C were generated by PCR amplification from pDP008 and pDP012 using primer pairs Pr76/35 and Pr76/36. The DNA fragments were then restriction digested and ligated into pACM021-GFP and pBGP1na using BamHI/XhoI and NdeI/XhoI, respectively.
Strain Engineering-For the construction of C-terminal fusion proteins on the chromosome (supplemental Table S3 ), we made use of the mKate2-URA3 cassette from pFB008. For C-terminal tagging of CAN1, LYP1, GAP1, and TAT2 with or without the sequence coding for the last 10 amino acids, the cassette was amplified using primer pairs Pr58/55-56, Pr61/59-60, Pr64/62-63, and Pr67/65-66, respectively. The PCR products were transformed into S. cerevisiae BY4742 and selected for growth on uracil dropout medium. The genomic integration was verified by PCR and sequencing of the locus.
Fluorescence Imaging and FRAP Measurements-Fluorescence imaging and FRAP measurements were performed on an LSM 710 commercial scanning confocal microscope (Carl Zeiss MicroImaging, Jena, Germany) equipped with a C-Apochromat 40ϫ/1.2 numerical aperture objective, a blue argon ion laser (488 nm) and a red helium-neon laser (633 nm). Cells were immobilized with hydrogel (Biomade, Groningen, Netherlands) between a glass slide and coverslip. Images were obtained with the focal plane positioned at the midsection of the cells.
For FRAP measurements, a region with a diameter of ϳ1 m was photobleached using a short (26-s) focused high power light pulse. The sample was imaged once immediately before the photobleaching and afterward for a period of 2400 or 20 s with frame rates of 20, 1, or 0.25 s for polytopic plasma membrane proteins, palmitoylated C termini, or C termini without lipid anchor, respectively. During the experiment, the sample was heated to 30°C using a PeCon climate chamber. Data analysis was carried out in ImageJ (53, 54) . Images were corrected for xy drift using cross-correlation fitting. Photobleaching due to imaging was corrected by fitting the fluorescence intensity of the entire image over time to a single exponential decay. The bleaching area was selected, and the recovery was fitted with Equation 1 to find the half-time of recovery.
where A is normalized recovery, 1 ⁄ 2 is half-time of recovery, and t is time in seconds. The diffusion coefficient was estimated according to Equation 2 derived from Axelrod et al. (53) .
where D is the diffusion coefficient, w is the radius of the bleaching spot, t1 ⁄ 2 is the half-time of recovery, and ␥ is a correction factor (0.88 for circular beams). The radius of the bleaching spot was 1.0 Ϯ 0.1 m as determined previously (55, 56) . For strains carrying chromosomal mKate2 fusions, imaging was carried out on a fully automated home-built microscope. A wide field single molecule fluorescence microscope was constructed by coupling high power laser excitation into a commercially available inverted fluorescence microscope body (IX-81, Olympus, Tokyo, Japan) equipped with a 1.49 numerical aperture 100ϫ objective and a 512 ϫ 512 pixel electron-multiplying charge-coupled device camera (C9100-13, Hamamatsu). Excitation light was provided by continuous wave optically pumped semidiode lasers (Sapphire LP, Coherent Inc.) of wavelength 568 nm (200-milliwatt maximum output). For imaging mKate2 fusions, we used 568 nm excitation light and collected light emitted between 610 and 680 nm (ET 645/75m filter, Chroma).
Growth Assay-Strains expressing an mKate2 fusion with or without deletion of the last 10 C-terminal amino acids were precultured in SD over 48 h to midlog phase (A 600 ϭ 0.2-0.6) by three subsequent dilutions approximately every 12 h. Cells were washed and adjusted to an A 600 of 0.2. Serial 10-fold dilutions were prepared, and 4 l of each was spotted on SD or SG agar plates. Plates were imaged after a period of 3 or 4 days of growth at 30°C (SD and SG, respectively).
Analysis of Palmitoylation by SDS-PAGE-Midlog phase cells were washed and resuspended to an A 600 of 200 in 50 mM Tris-HCl (pH 7.6), 5 mM EDTA, 10% glycerol, Roche Applied Science cOmplete protease inhibitor mixture EDTA-free. Acid washed glass beads (500-m diameter) were added in a 1:1 ratio with the cells. Cells were disrupted in a TissueLyser LT (Qiagen) at 30 Hz for 7 min. Unbroken cells were removed by centrifugation at 22,000 ϫ g in a desktop centrifuge for 5 s at 4°C. The supernatant was removed, and a total membrane fraction was collected by centrifugation in a desktop ultracentrifuge at 120,000 ϫ g for 1 h at 4°C. The total sample, supernatant, and membrane fractions were prepared for SDS-PAGE by addition of a 5ϫ Laemmli buffer (250 mM Tris (pH 6.0), 50% (v/v) glycerol, 0.005% (w/v) bromphenol blue, 1% (w/v) SDS). For reducing conditions, 50 mM DTT was added and incubated prior to SDS-PAGE. Samples with and without DTT were separated by 15% SDS-PAGE at 240 V for 3 h at 20°C. For whole cell extracts without DTT, samples were separated on a 20-cm-long 21% SDS-polyacrylamide gel run at 120 V for 48 h at 4°C. In-gel fluorescence images were collected using a Fujifilm FLA-3000.
Circular Dichroism-Peptides corresponding to the last 31 residues of Gap1 with or without the truncations ⌬EEK, ⌬PRWYR, and ⌬FWC were purchased from GeneCust (Luxembourg, Belgium). Samples used for CD measurements were 0.2 mg/ml in 1.67 mM sodium phosphate (equal molarity dibasic and tribasic), 0.33 mM DTT, 0 -30% 2,2,2-trifluoroethanol. CD spectra were recorded on a Jasco J-715 spectropolarimeter using a bandwidth of 2 nm and a scanning speed of 50 nm/min. The spectra shown are an average of 15 scans. Measurements were carried out at 20°C in a 0.1-cm-path length quartz cuvette.
Bioinformatics Analysis-UniProtKB (57) was searched for Swiss-Prot (manually annotated and reviewed) entries assigned to the three superfamilies (APC, AAPTII, and MFS) that contain the majority of the amino acid transporters in S. cerevisiae. The amino acid vacuolar transport family is classified by the Transporter Classification Database (58) as belonging to the amino acid/auxin permease family; however, this terminology is not maintained in UniProtKB. UniRef (59) was used to collapse each group of proteins into sequence clusters with 90% identity. The reference sequences for each UniRef90 cluster were then analyzed using TOPCONS-single (23) to determine the lengths of the N and C termini.
For further sequence analysis, we considered only core members of the AAP family from S. cerevisiae (1) . These are the same 18 proteins classified by Saier (2) as belonging to the yeast amino acid transporter family. Multiple sequence alignments were generated using MAFFT (60) and visualized in Jalview (61) . Secondary structure predictions were made using JPred4 (62) , and NetTurnP (63) . Helical wheel projections were generated manually. Hydrophobic moment values were calculated using the method of Eisenberg et al. (64) with the EMBOSS program hmoment using an angle of rotation of 100°and a window covering the entire predicted helix.
To explore conservation in other yeast species, UniRef (59) was used to collect sequences with Ͼ50% identity to S. cerevisiae FWC-containing AAPs and Ͻ90% identity to each other (198 proteins). Topology was predicted in batch mode by TOPCONS-single (23) , and any proteins not predicted to have 12 transmembrane segments were run individually through TOPCONS (65) to be checked. In all cases, this resulted in a prediction of 12 transmembrane segments. The predicted C-terminal sequences were aligned using the MAFFT (60) online server, and the resulting alignment was manually trimmed to remove sequences causing gaps (180 proteins).
